Abstract This paper describes the development of a Mach-Zehnder interferometric filter based planar Doppler velocimetry (MZI-PDV) flow measurement technique. The technique uses an unbalanced MachZehnder interferometer (MZI) to convert Doppler frequency shifts into intensity variations. The free spectral range of the interferometric filter can be selected by adjusting the optical path difference of the MZI. This allows the velocity measurement range and resolution to be varied. In contrast to molecular filter based PDV any laser source with single-frequency operation and a narrow linewidth can be used as the requirement for a suitable absorption line is no longer necessary. The processing methods used to extract the velocity information are described and discussed. The construction of a MZI-PDV system that incorporates a phase-locking system designed to stabilize the filter is described and example measurements made on the velocity field of a rotating disc and an axis-symmetric air jet are presented.
Introduction
Knowledge of fluid velocities is essential in a variety of engineering applications, both in external flows e.g. wind tunnel measurements for vehicle prototypes in the aerospace and automotive industries, and in internal turbo machinery flows. Planar Doppler velocimetry (PDV) [1, 2] , also known as Doppler Global Velocimetry (DGV) [3, 4] allows the measurement of the velocity over a plane defined by a laser light sheet by measuring the Doppler frequency shift of light scattered from particles in the flow. 
Where ∆ν is the Doppler frequency shift of the scattered light, ν0 is the illumination frequency and V is the velocity vector associated with the scattering particles, c is the free space speed of light and ô and î are unit vectors in the observation and illumination directions respectively. This is done using an absorption line of molecular iodine as a frequency-to-intensity filter. By selecting the illumination frequency to coincide with an absorption line of the gas, the received intensity at the CCD camera is directly related to the Doppler shift, and hence the flow velocity. A reference camera, viewing the flow directly, is needed to normalize the signal for variations in scattered light intensity due to effects other than the flow velocity.
However, the use of molecular gas filters has several disadvantages. The first is that the choice of lasers is limited by the requirement to be able to tune to an appropriate absorption line. The second is that the transfer function is determined by the form of the gas absorption line and therefore the sensitivity can not be varied greatly, although it is possible to change the shape of the spectral feature by varying the concentration of iodine, the cell temperature or by the addition of buffer gases to broaden the absorption line.
In this work the possibility of replacing the iodine cell with a Mach-Zehnder interferometric filter, as the frequency-to-intensity transducer in a PDV system has been investigated. The use of a MachZehnder interferometer has several advantages over molecular filters, the choice of illumination laser is no longer limited by the availability of a suitable absorption line and the path length imbalance of the interferometer can be selected to correspond to the expected velocity range for a given situation. Michelson interferometers have previously been used to make planar single component velocity measurements [5, 6] . However the Mach-Zehnder interferometer offers the advantage of providing two complementary outputs allowing the scattered light intensity to be normalized by taking the difference of the two outputs divided by the sum potentially increasing the sensitivity of the system. A system capable of making either single velocity component measurements [7] , or three component velocity measurements by incorporating imaging fibre bundles [2] , was constructed and demonstrated by making measurements of the velocity of a rotating disc and a seeded air jet. Figure 1 shows the arrangement of an unbalanced Mach-Zehnder interferometer (MZI) for PDV. A laser light sheet, of frequency ν0, illuminates the object plane Σ located in the flow. Light scattered from particles seeded in the flow is collected and coupled into the interferometer. Frequency variations caused by the Doppler shift are converted into variations in the recorded intensities on CCD detectors located at Σ', and Σ''. The scattered light coming from the object plane Σ is collimated by lens L1 and then divided by BS1 (beam splitter, 50:50 split ratio) into two beams of equal intensity, which follow paths l1 and l2. The light in path l1 is turned at mirror M2 and prism 2 before being split by BS2 and imaged onto the two detectors located at Σ', and Σ'' using lenses L2 and L3. The second path, l2 passes through a glass block G, with a length l and refractive index n. The light is retro-reflected by prism 1, making a second pass through the glass block. It is then turned at mirror, M1 and recombined with the light in the first path at BS2. For a MZI, the intensity at the two outputs of the interferometer will depend on the phase difference, ∆ϕ , between the two arms.
Mach-Zehnder Interferometric filter
The normalized intensity, IN, can be expressed as:
where V is the interference fringe visibility determined by the transmission performance of the whole optical set-up. The normalized intensity, IN, is a function only of the phase difference ∆ϕ and is independent of the scattered light intensity. The phase difference ∆ϕ is a function of the optical path difference (∆l) between the two arms, the light frequency (ν) and the speed of light (c):
Therefore, any Doppler shift of the scattered light will cause a variation of the normalized intensity. The optical path difference can be varied by selecting the length l of the glass block allowing the velocity measurement range and resolution to be varied by selecting a suitable path length imbalance and glass block. The primary purpose of the glass block is to correct for the difference in magnification and focal distance in the two arms of the interferometer. For example a 5cm BK7 glass block (refractive index, n = 1.52) has a free-spectral-range (FSR) of about 7GHz at 514.5nm, it this was increased to 50cm then FRS is reduced to 0.7GHz. The technique is therefore limited for low velocities due to the long block length required, which leads to optical distortions, phase instabilities and vignetting effects in the images. These effects are greater for larger optical path differences. Examples of typical images captured at the two outputs are shown in figure 2(a). Fringes are formed in the images due to a varying phase difference across the field of view, the resulting fringes are concentric rings centred about the axis of the interferometer. However due to difficulties in accurately aligning the optical components the fringes will actually appear as curved fringes show in figure 2 , and the number of fringes across the field of view can be adjusted by introducing additional tilt into one arm of interferometer. The fringes at the two outputs of the interferometer will be in anti-phase as can be seen in the magnified region shown in figure 2(b).
Experimental Configuration
A schematic of the experimental arrangement used is shown in figure 3 . The illumination laser was a continuous wave argon ion laser, allowing time averaged velocity measurements to be made. Light from the laser was coupled into an optical fibre through a Faraday isolator, and the output was formed into a light sheet using a prism-scanning device that scanned the beam rapidly across the measurement area. The scattered light from a flow region can be imaged either using a single SLR camera lens or using multiple lenses for multiple component measurements using the imaging fibre bundle approach previously reported [2] . The imaging fibre bundles used here are coherent array of fibres that is split into four channels. Each channel comprises 600×500 fibres, 8μm in diameter and positioned on 10μm centres. The bundle constructed by stacking 25x25 pixel multi-fibre blocks, these can be seen in figure 2(b). The MZI was constructed using an infinity-corrected microscope optical system consisting of a matched objective and a tube lens. The two complementary output images of the MZI were captured by the two CCD cameras. In this work, a 15cm BK7 glass block was used giving a FSR of around 1.16GHz and a velocity range of~±150m/s. This is similar to the width of the iodine absorption line (in the order of 1GHz) used in conventional PDV systems and allows comparison with results from PDV systems.
In order to prevent the interferometer phase drift due to temperature variations and mechanical vibrations, a phase locking system was designed using a feedback loop controller to adjust the path difference. This uses a 633nm beam from a single-frequency stabilised He-Ne laser directed through the interferometer near the periphery of the image area. Two photodiodes (PD1 & PD2) were used to monitor the complementary interferometric outputs. Two band pass filters (F1 & F2) with a transmission band of 400-580nm and >85% transmission prevented light from the He-Ne locking laser being detected by the CCD cameras. The signal from the photodiodes were used with a custom designed PID electronic circuit that generated a error signal that was fed back onto the piezoelectrically controlled stage supporting the right angle prism, P2, to modify the interferometer path difference. The operational stability depends mainly on the frequency stability of the He-Ne laser (±2MHz in 1 hour plus 0.5MHz/ºC), corresponding to~±1m/s velocity error.
Processing methods
An overview of the processing used is shown in Figure 4 . The key stage in the processing is the calculation of the phase shift between the flow on and flow off images. Several methods of calculating the phase shift have been investigated; the first uses the shift of the fringe pattern minima and is described in section Error! Reference source not found.. This method only allows the Doppler shift to be found at positions that correspond with minima in the fringe images. The second and third methods allow a measurement to be made at every pixel. Method two, that was previously reported [7] is the calculation of the phase at every pixel using the normalised intensity and is described in section 4.2. A third method is also presented here that uses Fourier domain processing to evaluate the phase and is described in section 4.3. All the methods described here require two pairs of images to be captured; one pair of images is captured under zero-velocity conditions (I10 and I20) and the second pair with the flow on (I1 and I2).
The Doppler shift responsible for a given phase shift can then be found using equation (6):
Once the Doppler shift has been calculated, the views are spilt into separate images and de-warped to a common grid (if using the bundles for multiple component measurements). Each velocity component is then calculated using the Doppler equation (1) using the observation and illumination vectors calculated for that view. The final stage is to transform from the non-orthogonal measured velocity components to the orthogonal velocity components aligned with the experimental axis. The use of the imaging fibre bundles allows an extra velocity component to be measured in addition to the three required for this transformation. The use of the extra components in the calculation can reduce the propagation of errors in this process by providing redundant data [9] . 
Velocity calculation based on the shift of the fringe pattern
The output light intensity of a MZI depends upon its optical phase and the original light intensity distribution and will have a co-sinusoidal form as given by equations (2) and (3). At ∆ϕ=π,3π,… for the first output (CCD1) and ∆ϕ=0,2π,… for the second output (CCD2) the intensity will be at a minimum and equidistant minima are present in the recorded images. When the flow velocity causes a Doppler shift in the optical frequency these fringe patterns will shift, the phase shift can therefore be evaluated from the shift in position, ∆s, between the flow on and flow off images:
Where s is the un-shifted fringe spacing, ∆s is the shift in the fringe position and ( )
is the phase shift. The Doppler shift can then be found using equation (6) . This processing technique can only calculate the velocity field along profiles corresponding to fringe minima, not across the whole image plane. Seiler et al. [8] have reported a similar system using a Michelson interferometer. However, the MZI based approach can provide double the number of profiles under the same measurement conditions due to the availability of two complementary outputs, compared to the single output available from a Michelson interferometer. Although multiple components of the velocity can be measured using this approach, the calculation of orthogonal velocity components as each velocity component is calculated only at fringe minima positions and these are unlikely to coincide when multiple components are mapped together.
Calculation of phase using the Normalised intensity
In practice, the range of the normalised intensity will not be within -1 ≤ IN ≤ 1 across the whole image due to optical distortions in the MZI. To take account of this equation (4) can be rewritten as:
where the indices (i, j) give the pixel position in the images. IN max and IN min are the maximum and minimum values for the normalised intensity at each pixel, which can be approximately evaluated from the closest maximum and minimum in the fringe pattern. The phase difference, ∆φ(i, j), for each pixel, can then be found by rearranging equation (8). ( )
This calculation is performed for both the flow on and flow off fringe patterns and the phase shift,
The Doppler shift is calculated as in equation (7).
Phase calculation using Fourier domain processing
A spatial carrier fringe method can be used to evaluate the phase of the recorded fringe patterns [10] . Figure 5 shows an overview of this method for a simulated fringe pattern. Two fringe images are recorded, a flow-off image containing only the carrier fringe phase variation and a flow-on image containing the carrier fringes and an addition phase shift due to the Doppler shift ( figure 5, a) . The two-dimensional Fourier transformation is calculated for both the flow-on and flow-off fringe images ( figure 5, b) . One of the side spectra in each of the transformed images is selected and isolated ( figure 5, c) . The inverse two-dimensional FFT is the calculated, and the phase calculated ( figure 5, d ) for both the flow-on and flow-off images using equation (10):
The phase shift can then be calculated by subtracting the flow-on phase and the flow-off phases ( figure 5, e) , finally the Doppler shift can be calculated using equation (7) . 
Results
A rotating disc was used as the first target to validate the 3D MZI-PDV system providing a welldefined velocity field. The rotating disc is about 200mm in diameter and coated with white paint in order to enhance the light scattering. The maximum circumferential velocity in the field of view (~100x100mm) was~±34ms -1 at the disc edge that was measured independently using an optical tachometer. Images were captured using a 5 second integration time and processed using the method described in section 4.3. An example of a typical measurement is shown in figure 6(a) . This shows a single velocity component using a single arm of the imaging fibre bundles. Figure 6(b) shows the error when the theoretical velocity component is subtracted and figure 6(c) shows the histogram of this error, the standard deviation in the error for all measured components was <1ms -1 . Figure 7 shows the computed orthogonal velocity components, the in-plane components are represented by the vectors and the out-of-plane by the colour scale. The system was used to make measurements on a seeded air jet, with a 20mm diameter smooth contraction nozzle. The exit velocity of the jet was~80ms -1 . The air intake to the jet, and the surrounding co-flow, were seeded using a Concept Engineering Vicount compact smoke generator producing dense and dry smoke particles in the 0.2-0.3μm diameter range. The observation directions were selected to be in the strong forward scattering so as to ensure sufficient signal on the CCD cameras and images were recorded using an integration time of 10 seconds. The 'flow off' images were obtained using the seeded jet with the jet flow as slow as possible (~<1ms -1 ), this was necessary as both sides of the light sheet were viewed so it was not possible to use a solid target such as a piece of card illuminated by the light sheet. Figure 8(a) shows a three-component velocity measurement vertically through the centre of the air jet. The in-plane components shown as vectors and the out-of-plane component using the colour scale. This was calculated using the Fourier domain processing technique. A mask was applied to remove regions where a reliable calculation was not possible. These are the outer regions of the jet in which there was insufficient scattered light or towards the edge of the image where there was poor fringe visibility due to the vignetting effect in the Mach-Zehnder interferometer. Figure 8(b) shows profiles through the jet calculated using the normalised intensity method. The blue points show the vertical component of velocity calculated using three observation directions and the red using all four measurement channels. The solid line is a theoretical jet profile calculated using empirical equations, a good agreement between this and the experimental data can be seen. 
Conclusions
A PDV technique using a MZI filter instead of a molecular filter has been demonstrated. A comparison of the two methods is shown in table 1. A validation measurement on a rotating disc was presented with the standard deviation of the error in measured velocity components found to bẽ 1m/s. Measurements on a seeded air jet were made with good agreement to the expected velocities calculated using empirical equations describing the jet.
Three different methods for calculating the interferometer phase shift between images recorded with the flow-on and flow-off have been described. The fringe skeletonization method, described in section 3.1 is relatively simple to implement but has the disadvantage that the shift cannot be evaluated at every pixel but only along fringe minima. Because of this it is not practical to make three component measurements using this method, as measurement positions are unlikely to coincide for different measured velocity components. The methods based upon the normalized intensity and Fourier domain processing both provide velocity measurements at each pixel, with the Fourier transform method working most effectively. 
